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Thermo-reversible gels are solvent-filled 3D networks of polymer chains interconnected 
by physical (transient) crosslinks. On applying a high shear stress, the crosslinks are 
broken and these gels show a typical stress-strain behavior due to cohesive fracture of the 
gel. When heated above a critical temperature and cooled back to room temperature, all 
the crosslinks are re-formed. Interestingly, partial to full recovery of broken crosslinks is 
also observed by simply letting the gel stand at room temperature. In this study, the 
fracture and healing behavior of a model acrylic triblock copolymer gel has been 
characterized by shear rheometry. A mathematical model has also been proposed to better 
understand the mechanics at the molecular level and predict the healing time of a system. 
A rheo-PIV system was built as part of the project, to observe and confirm the bulk 
healing process in situ. Spontaneous self-healing behavior has immense potential in 





CHAPTER 1. INTRODUCTION AND OVERVIEW 
1.1 Research Motivation 
Polymer gels are being used in a wide variety of applications. When used as active 
materials, these gels are the main entities that are responsible for the desired function. For 
example, gels used in foods or hair products. On the other hand, certain gels used in 
pharmaceuticals act as carriers, which are used to deliver the actual drug molecule to the 
desired location. In either case, the mechanical properties of gels are of significance as 
these properties often play an important role in tailoring the system for the intended 
purpose. Shear response and network structure are two such interrelated properties.  
 
Gels in their solid state have a definite shear modulus and undergo deformation upon 
application of shear force. Eventually, the internal molecular structure breaks down 
locally (much like any other solid) and the bulk of the gel is said to have fractured. This 
process can also be extended to explain the formation of smaller, finer particles of gel 
when ground and crushed. Certain types of gels, called thermoreversible gels can reform 
the broken physical networks, in effect, self-repairing or healing the bulk structure. The 
goal of this thesis is to quantify the healing time of thermoreversible gels in a systematic 




1.2 Significance of this Work 
This thesis aims at understanding the behavior of the polymer network of a gel at the 
fundamental level, which involves physical bond breaking and re-forming, through a 
measurable mechanical property. This understanding and quantification of gel healing 
can eventually be applied to any form of mechanical deformation which involves 
breaking of physical bonds in a similar system. The results from this study would also 
help in better understanding the time-temperature dependence of network self-assembly, 
along with the role that the characteristic relaxation time of a system plays in this self-
assembly. 
 
These microstructure changes that are responsible for the healing behavior of gels can be 
exploited to develop novel applications. Figure 1 and Figure 2 illustrate some possible 
applications where quantification of healing behavior of gels might prove to be extremely 
useful. 
 





Figure 2: Illustration of physical bond re-formation being used to entrap drug molecules 
through mechanical processing 
 
Gel based paints and coatings would be just as susceptible to scratching and crack-
formation as traditional oil or water based versions. However, by employing self-healing 
gels in such applications, the growth of such micro-cracks could potentially be reduced to 
a great extent. Since the formation of cracks in paints and coatings due to environmental 
factors is a relatively slow process, even if a self-healing gel could partially heal cracks, 
the useful life of these products could be increased by a great amount. 
 
Another potential application of physical re-formation of gel network could be 
mechanical processing of drug delivery systems in a very easy manner. As shown in 
Figure 2, a self-healing gel can be crushed to smaller pieces and then mechanically mixed 
with the required amount of drug molecules. This mixture can then be pressed into a 
desired form, allowing the gel to regain its structure while entrapping the drug molecules 




1.3 Scientific Objectives 
The objective of this study is not to find new applications for self-healing gels but instead 
to contribute toward developing a standard and repeatable set of metrics to quantify and 
compare different systems. These gel systems may themselves rely on different 
mechanisms for healing than the mechanism of thermoreversible gels that are used in this 
study as model systems. However, the key questions that have been attempted to solve 
are: 
(a) After a partial breakage of physical bonds, can these bonds be re-formed below 
the transition temperature of the system? 
(b) If physical bonds can be re-formed below the transition temperature, at what time 
scales do substantial amount of bonds re-form and will the network ever attain its 
original state? 
(c) What is the most effective way to measure the degree of healing that has taken 
place? 
(d) Is the healing extent or time related to the characteristic relaxation time of the 
system? Can it be predicted mathematically based on the relaxation time alone? 
(e) How does temperature affect the healing extent or time?  
(f) Do other system and testing parameters such as concentration of the gel and rate 
of application of external force affect healing behavior? 
(g) Can the bulk healing be confirmed by a more direct method than measuring its 




1.4 Proposed Approach 
Shear rheometry is a convenient and well developed technique to probe the shear 
response of a soft material. Moreover, it is a very accurate and controlled technique 
which does not require elaborate sample preparation. The test temperature and rate of 
applied force can also be easily varied. Owing to these factors and the fact that the data 
obtained could be analyzed to reach the objectives of the study, shear rheometry is 
employed as the main experimental technique. Within this technique, the Couette 
apparatus is chosen for this study. 
 
In brief, shear rheometry involves applying a shear deformation or shear force to a 
sample and measuring its response either in terms of shear stress (in case of applied 
deformation) or shear strain (in case of applied force). These parameters can be used 
independently or combined in a multitude of standard experiments to probe the 
mechanical behavior of the sample.  
 
The outline of the main series of experiments is to measure the response of a model gel 
sample under applied shear force until the gel fractures, wait for a predetermined period 
of time and perform the experiment on the same sample again. The comparison between 
the response of the virgin sample and aged sample can then be studied by considering 
various material properties to determine different aspects of network healing. This would 
be repeated across various system and test parameters as explained in detail in 
CHAPTER 3. Several other series of experiments would also be performed to probe the 
basic rheological properties of the model gel system. 
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In order to predict the behavior of similar systems and use the present data more 
effectively, a mathematical model would be developed. This mathematical model could 
take some characteristic property like relaxation time as input and predict the healing 
time or healing extent of the system. 
 
Finally, in order to confirm the healing behavior of the network, a particle image 
velocimetry (PIV) setup would also be assembled. This would enable direct measurement 
of the shear deformation across the sample and can therefore be used to compare the 








CHAPTER 2. BACKGROUND 
2.1 Thermoreversible Gels 
Thermoreversible gels are three-dimensional crosslinked networks of polymer chains, 
with the bulk volume being a solvent that can dissolve the particular polymer. The 
physical crosslinks are formed as a result of weak interactions such as hydrogen bonds, 
hydrophobic interactions, van der Waals forces or electrostatic interactions
1
. As a result 
of these physical bonds, as opposed to covalent bonds, the gels can relax the applied 
stresses. This plastic behavior enables them to heal after damage, unlike permanent gels
2
. 
Symmetric ABA triblock copolymers self-assemble into ordered structures which form 
elastic solids. When such copolymers are dissolved in a midblock selective solvent, the 
endblocks aggregate and form spherical micelles. The midblocks stretch out and form the 
connecting network of chains
3
. The thermoreversible nature of such gels leads to 
relatively simple processing and as such these gels have found a wide array of 
applications. Styrene-based triblock systems are used as pressure-sensitive adhesives
4
, 





The origin of thermoreversibility itself is believed to be the temperature dependence of 
the interaction between the endblocks and the solvent
6
. While looking at the behavior of 
8 
 
such systems which only show short range ordering of micelles, two transition 
temperatures are of particular interest – critical micelle temperature (Tcmt) and glass 
transition temperature (Tg). Once the gel starts cooling and reaches the critical micelle 
temperature, the endblocks coil together to form aggregates, commonly known as 
micelles. This is due to the fact that as the gel is cooled, the solubility of the endblocks in 
the solvent decreases rapidly and the solvent is expelled from the aggregates
7
. On further 
cooling, the gel reaches a second transition which is the glass transition. Figure 3 shows 









2.2 Applications of Thermoreversible Gels 
Some of the most interesting applications of thermoreversible gels are in the field of 
biomaterials and pharmaceutics. Within biomaterials, tissue engineering and guided 
tissue repair have seen rapid development in the past few years. Biodegradable and 
biocompatible scaffolds are designed to support cell growth, which also allow tissue 
formation and transport of nutrients and other essential matter. These scaffolds need to 
have adequate mechanical strength to facilitate easy transplantation in the human body. 
Thermoreversible hydrogels have been studied as a very attractive substrate material for 
3D printing of scaffolds
8
. This method and its success depend on many parameters such 
as gelation temperature, plotting temperature and most of all the rheological and 
mechanical properties of the material. The thermoreversible gel PF-127 has been found to 
be a very suitable drug carrier for most routes of administration into the body. Its gelation 
behavior and micellar properties lead to very good solubility and desirable delivery rate
9
. 
PF-127 in the liquid state can be conveniently applied and it results in close contact 
between the drug and the biological tissue. On warming, a non-occlusive gel is formed. 
 
2.3 Healing of Gels 
Healing of polymer systems, ranging from amorphous and semicrystalline to block 
copolymers, has been studied extensively in the past few decades. A good review on the 
recent technologies has been published by Aïssa et al
10
. It is well established that when 
samples of the same polymer come in contact with each other above the glass transition 
temperature, the samples fuse together and the mechanical strength at the interface 
approaches that of the virgin bulk sample. This has been attributed to molecular diffusion 
10 
 
across the interface, resulting in healing of the crack. For example, cracks in PMMA 
(poly(methyl methacrylate) have been shown to heal from 40 to 60°C when treated with 
methanol
11
. In this case, the tensile strength of PMMA was fully recovered to its original 
value. In a similar study, exposure to light of a specific wavelength was reported to bring 
about self-healing in PMMA
12
. The authors used a mixture of TCE (1,1,1-tris-
(cinnamoyloxymethyl) Ethane), UDME (urethane-dimethacrylate) and TEGDMA 
(triethyleneglycol-dimethacrylate) based monomers along with CQ (camphorquinone) 
which acts as a visible light photo-initiator, to prepare a film. Healing was then shown to 
take place only on exposure to light of a specific wavelength. 
 
Like temperature and light, change in pH can also be used to initiate crosslinks, resulting 
in healing of polymer networks. In a recent study, pH-induced healing of broken 
catecholato-Fe
3+
 crosslinks has been reported
13
. Such metal-ligand coordination opens the 
possibility of materials with strength comparable to covalently crosslinked systems 
combined with self-healing property. Moreover, crosslink kinetics that are controlled by 
pH can be used to easily control viscoelastic properties of a system, ranging from a low 
viscosity fluid to a strong, self-healing gel. 
 
Gel systems of polypeptides have been subjected to deformation and the recovery of 
elastic properties has been studied earlier by Skrzeszewska et al
1
. The authors focused on 
nonlinear properties of fracture and self-healing. The self-healing of the system was 
investigated by noting the recovery of storage modulus with time. The system recovers 
all its initial elastic properties, even after undergoing multiple fracture and healing cycles. 
11 
 
After healing completely, the gel can sustain the same maximum strain and stress as it 
could before the first fracture event. During fracture of the gel, only the junctions in the 
fracture zone are dissociated; those outside the fracture zone are not appreciable 
dissociated. This is also supported by the fact that higher shear rates lead to a larger or 
wider fracture zone, resulting in longer healing time.  
 
In the interest of designing materials with rubber-like elasticity and displaying self-
healing characteristics, supramolecular polymers have been shown to be promising
14
. 
These systems employ multitopic molecules, which can associate with multiple other 
molecules, to form a 3D network of small molecules. The key to avoiding crystallization 
is to use a variety of small molecules having strongly associating groups but very 
different structures. Such a model system has been shown to display self-healing through 
hydrogen-bond re-association. The associating groups in the fracture zone find similar 
other non-equilibrated free groups and the healing process is much more rapid at elevated 
temperatures. 
 
Healing of gels has been studied in liposome gel
15





, among many other cases. Liposome has become a drug 
carrier with broad clinical utility, ranging from chemotherapy to gene therapy. However, 
the major hurdle in its application is the administration of dispersed liposome particles to 
the required site in the body. A proposed solution is to trap the liposome inside a 
hydrogel network and inject this system to the diseased part. The healing behavior of this 
12 
 
gel would enable easy injection with clinically used syringes, equipped with thin needles, 
at room temperature.  
 
Thus, self-healing of polymers takes place via various mechanisms such as recombination 
of endblocks or end groups of polymer chains, reversible bond formation, molecular 
interdiffusion across an interface, photo-induced self-healing and pH-induced 
crosslinking. 
 
2.4 Rheology of Soft Materials 
The study of flow and deformations of materials is defined as rheology. Apart from 
quantifying physical properties of soft materials, rheological measurements are very 
useful in correlating these properties with the microstructure. There are two broad 
categories of measurements – rotational shear or dynamic oscillatory shear. In case of 
rotational shear, the applied shear is only in one rotational direction, while in case of 
oscillatory shear, the applied shear oscillates around a mean position. In both cases, the 
response of the sample is measured as shear stress.  
 
An example of rotational shear experiment is the ‘shear start-up’ experiment, which has 
been used extensively in this study. In this type of experiment, the sample is subjected to 
shear at a constant strain rate γ̇ and the stress σ is measured as a function of the applied 




Also, similar to other solids, the shear modulus G is defined as the ratio of the shear 
stress to shear strain: 
 
 
In oscillatory shear experiments, the applied strain γ varies in a sinusoidal manner: 
 
where γ0 is the maximum applied strain (strain-amplitude) and ω is the oscillation 
frequency. The typical sample stress response is also of a sinusoidal form: 
 
where δ is the phase angle between the stress response and applied strain. This stress 
response is generally expressed as a combination of two components with a mutual phase 
angle of 90° as: 
 
where  Gɂ = Elastic Modulus (or Storage Modulus) 
and  Gʺ = Viscous Modulus (or Loss Modulus)  
 
The elastic modulus is directly related to the elastic nature of the material. Elastic 
behavior is a result of stored energy in a system and hence this modulus is also called the 
storage modulus. On the other hand, the viscous modulus relates to the viscous behavior 
of the material. Viscous behavior involves dissipation of energy and hence this modulus 
is also called the loss modulus.  
14 
 
CHAPTER 3.  EXPERIMENTAL METHODS 
3.1 Materials 
The composition of the model physically associating gel is an acrylic triblock co-polymer 
molecule with poly(methyl methacrylate) (PMMA) endblocks (8.9 kg/mol) separated by 
a poly(n-butyl acrylate) (PnBA) midblock (53 kg/mol). The solvent used to dissolve the 
polymer was 2-ethyl-1-hexanol. This solvent was chosen particularly for two reasons. 
Firstly, 2-ethly-1-hexanol is a good solvent for PnBA at all temperatures but a poor 
solvent for PMMA at lower temperatures. This causes the polymer to self-assemble as the 
temperature is reduced. Secondly, 2-ethyl-1-hexanol has a low volatility, resulting in 
minimal evaporation during the experimental period. This ensured that the gel 
concentration remained almost completely unchanged throughout the experiment. The 
polymer and solvent were obtained from Kuraray, Co., Japan and Sigma-Aldrich, St. 
Louis, MO, respectively and both were used as received. 
 
3.2 Sample Preparation 
The required amount of polymer was carefully weighed and kept aside. The samples were 
prepared in 20ml glass vials, which were blown with short bursts of compressed air to 
clean out any residual dirt or dust particles. This was done to prevent premature fracture 
or local fracture initiation in the solidified gel after applying a shear stress in the 
15 
 
rheometer. The required amount of solvent was then transferred into the glass vial in a 
fume hood with the help of a syringe. After adding the weighed amount of polymer, a 
suitable cylindrical magnetic stirbar was added. Multiple such samples were prepared and 
placed together in a water bath for uniform heating. The samples were heated and stirred 
constantly using a hotplate, set at 80°C and 500 rpm. This was done overnight to ensure 
complete and uniform dissolution of the polymer in the solvent. The solution was then 
allowed to cool at room temperature to form the solid gel. 
 
3.3 Rheometry 
All the rheology experiments were performed in a rotational rheometer (Anton-Paar 
Physica MCR 302, single-gap Couette cell, gap h = 1.1 mm and inner cylinder radius r = 
13.5mm). Prior to using a gel sample in the rheometer, it was heated above its relaxation 
temperature and once in the viscous liquid form, the sample was poured in the Couette 
cell. Care was taken to preheat the Couette cell with the rotating bob lowered, just before 
raising the bob and pouring the sample. This was done to prevent sudden temperature 
drop of the sample at the wall of the cell and bob, eliminating any local effects. The 
loaded sample was allowed to equilibrate for approximately 5 minutes after loading and 
also after cooling it to the temperature of interest. 
 
The nonlinear stress-strain curves presented here were obtained from shear start-up 
experiments, wherein the sample was deformed by applying a constant shear rate and the 
resistance offered by the sample as the stress response was measured as a function of 
strain. Multiple such experiments were performed at different temperatures. This series 
16 
 
was then repeated for various concentrations, the highest concentration of the gel being 
limited by the torque capacity of the rheometer. 
 
3.4 Gel Strength Development 
To characterize healing behavior, it was first necessary to determine the time required for 
the gel network to develop the maximum attainable shear strength. Without knowing the 
rate of shear strength development of the gel, it would have been difficult to state whether 
the experiments planned later on to characterize healing time would actually result in 
further strengthening of the gel in the un-fractured bulk as well. Hence, a 6 vol% gel 
sample was prepared to test it at 28°C for shear strength development, as a representative 
experiment. The sample was cooled to 28°C and shear start-up experiments were 
performed after varying intervals of resting time. The sample was sheared at a constant 
rate of 1/s. The result of this series of experiments is discussed in the subsequent chapter. 
 
3.5 Healing Time 
For this study, healing time is defined as the minimum time required for a gel sample, at 
a particular temperature, to display a peak shear stress equal to the peak shear stress of an 
un-fractured, virgin sample. To investigate the effect of shear rate, constant shear rates of 
1/s and 0.2/s were chosen and applied independently. To measure healing time of a 




1. Heat sample above Trlx (heat to 50°C in 15 min*) 
2. Allow sample to equilibrate at test temperature (in 30 min*) 
3. Perform shear start-up experiment (virgin) 
4. Allow sample to rest for test ageing time, at test temperature 
5. Perform shear start-up experiment (aged sample) 
 
*The rise/fall in temperature was not linear over the specified time; the temperature was 
achieved at the fastest rate possible and after reaching the target temperature the 
remaining time was served as equilibrium time 
 
After one such pair of shear start-up experiments, the same sample was heated above its 
Trlx (back to first step in the procedure) and the cycle was repeated for a different 
combination of temperature and ageing time. Samples of three different concentrations 





Table 1: Test parameters for healing time experiments 
 
Strain rate γ̇ = 1/s Strain rate γ̇ = 0.2/s 
20°C 23°C 25°C 28°C 20°C 23°C 25°C 28°C 
4 vol% 
Ageing times tested (min) = 5, 10, 15, 
20, 30, 45, 60 
Ageing times tested (min) = 5, 10, 15, 




Thus, in all, 24 unique cases were chosen to study the healing behavior and relative rate 
of healing. 
 
Due to the nature of the proposed healing experiments, any sample would be subjected to 
multiple rounds of heating and cooling. Although the evaporation of the solvent was 
minimal at room temperature, this was a point of concern at elevated temperatures. 
Further, due to such repeated shear start-up experiments, there was a possibility of the 
sample behaving differently during each shear start-up experiment, as compared to the 
virgin state, which was attained by cooling the sample after dissolving the polymer in the 
solvent. In other words, it was necessary to ensure that the proposed ‘resetting’ of the 
network structure was, in fact, independent of the age and number of resets that the 
sample was subjected to.  
 
Therefore, to ensure that a sample did not have any sort of ‘memory effect’, a series of 
experiments with the same sample at the same temperature was performed while varying 
the order of ageing time tested. This confirmed the fact that a single sample could be 
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heated above its relaxation time and be treated as a virgin sample for the next cycle of 
ageing time investigated. However, to avoid long term time dependent inconsistencies of 
the sample, a single sample was only used for one temperature and all its corresponding 
ageing time experiments. For example, one sample was used for the shear start-up 
experiments at 20°C and a strain rate of 1/s, for all seven ageing times tested. For the next 
temperature, a fresh sample was used for all seven ageing times tested at that temperature 
and so on. 
3.6 Particle Image Velocimetry 
In order to observe the behavior of a sample in situ, while being sheared, a particle image 
velocimetry set up was used in conjunction with a rheometer. Figure 4 shows a schematic 




Figure 4: Schematic of PIV system coupled with a rheometer  
 
In order to achieve a thin light sheet, a plano-concave lens (effective focal length of -12.7 
mm) and plano-convex lens (effective focal length of 150 mm) were placed in the path of 
a laser beam. The laser used was ‘OBIS 405LX’ from Coherent (Santa Clara, California, 
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USA), with a wavelength of 405 nm and an output of 100mW. The CCD camera used 
was ‘dicam pro’ from pcoTech (Romulus, Michigan, USA) with a spatial resolution of 
1280 x 1024 pixels and temporal resolution of 8 frames per second. There is also a 
‘double shutter’ mode which allows a much faster frame rate between pairs of images, 
while still having a limit on the interval between two pairs. For the strain rate used in this 
study, a frame rate of 5 fps was found to be optimum. To achieve the required 
magnification, a ‘Zoom 70XL’ lens from Qioptik (Rochester, New York, USA) was used 
along with a basic bottom function module and a TV tube of 1.0X. The completed PIV 
setup with all its components can be seen in Figure 5. A close-up image of the laser and 
lens assembly, with their relative positions to the Couette cell is shown in Figure 6. 
 
Figure 5: Assembled rheo-PIV setup 
High speed camera 




Figure 6: Close-up image of laser and lens assembly of rheo-PIV system 
 
The laser was used in continuous wave mode, remaining switched on throughout the 
duration of the experiment and image capturing sequence. A function generator was used 
to externally trigger the camera at the required rate to capture images. The function 
generator itself was triggered by the rheometer to start at the exact moment that shear 
strain was applied. The image recording sequence was set to switch off after a 
predetermined number of images, which was essentially after the anticipated fracture 
event. The captured series of images was extracted for further image analysis. 
 
To image the flow of sample in any kind of particle imaging system, various types of 








glass microspheres of 10-20 μm diameter and a density of 0.49 g/cc from Cospheric 
(Santa Barbara, California, USA) were used. A particle concentration of 100 ppm was 
found to give the best results in terms of images acquired for satisfactory image 
processing. 
 
3.7 Image Analysis 
The images obtained from the camera software were processed using an open source 
MATLAB based program, PTVlab (developed by Antoine Patalano, Univ. Nacional de 
Córdoba – Argentina and Brevis Wernher, Univ. of Sheffield – United Kingdom). The 
program basically identifies particles (subject to various user-defined threshold 
parameters) in all frames, compares individual particle position in two successive frames 
and gives an output of the position coordinates and velocity components. Lastly, using 
this data and experiment-specific parameters such as gap width of the PIV-Couette cell, 
strain rate and time interval between successive frames, velocity profiles for each pairs of 
images can be plotted.  
 




CHAPTER 4. RESULTS AND DISCUSSIONS 
4.1 Setting Time 
The thermoreversible gel remains in the liquid form above its relaxation temperature and 
forms a gel below this temperature. For the system under study, the relaxation 




Before proceeding with any experiments to determine the healing time of the gel, it was 
very important to establish whether ageing of the gel over the course of a given 
rheometry experiment caused any change in shear response in the virgin state. This is 
because healing of the gel is defined as the minimum time it takes for a fractured sample 
to gain the same shear strength at bulk fracture. Therefore, any change in the fractured 
gel’s polymer network with time would have to be isolated from an inherent change in 
the virgin gel’s network, if any. For example, in certain self-assembled triblock gels the 




For this purpose, a series of setting time experiments was performed. In this series, a 6 
vol% gel sample was used, at a constant temperature of 28°C. A constant shear rate of 1/s 
was applied in each case, after waiting for selected intervals of time. The sample was 
raised to a temperature above its relaxation temperature in between two successive testing 
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time intervals. As can be seen in Figure 7 the shear response in all the cases is almost 
identical. Not only is the peak stress at fracture almost constant throughout the setting 
time intervals, but all the shear start-up curves overlap very closely too. 
 





























Figure 7: Shear response of sample at various setting times – 6 vol% at 28°C; γ̇ = 1/s 
 
This conclusively proves that ageing the sample up to a reasonable time does not have 
any effect on the virgin shear response, once the sample has been equilibrated below its 
relaxation temperature. In other words, this series of experiments gives a fairly good idea 




4.2 Healing Time 
As defined in the previous chapter, healing time is the minimum time for a fractured gel 
sample to regain its original bulk shear strength. In order to determine the healing time at 
various temperatures and concentrations of the gel, a systematic series of experiments 
was performed to test various ageing times and the corresponding recovery of shear 
strength. The shear start-up curves of all these sets of experiments are presented in the 
following figures. Figure 8 through Figure 19 are the rheological curves for an applied 
strain rate of 1/s. 
 
In all the figures, the plot corresponding to ‘0 min’ is the shear response of the sample 
before the very first fracture event in that series of experiments. The ‘5 min’, ‘30 min’ 
and ‘60 min’ plots represent the shear response of the sample after it was allowed to heal 
for the corresponding amount of time and then a shear strain was applied. 
 
It should be noted that although only one 0 min plot is shown in each of the shear 
response figures, every partially healed shear response was preceded by a baseline 0 min 
fracture, which was obtained by resetting the sample by heating it above its relaxation 
temperature.  
 
Consider Figure 8 as a typical case of the healing behavior. As mentioned earlier, the 0 
min plot shows the behavior of the sample in the virgin state. As the applied strain 
increases (at a rate of 1/s) the stress increases gradually at first and then fairly linearly up 
to a maximum stress of almost 1600 Pa. At this point, a further increase in the strain 
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causes the sample to fracture locally, which corresponds to physical chain pull-out within 
the network
21
. As the applied strain increases further, the stress drops sharply to a value 
of about 200 Pa, where it stays fairly constant. This plateau stress value is believed to be 
due to the friction between separate blocks (or separate bulk regions) of gel that are 




Once the virgin sample fractures (i.e. after obtaining baseline shear response), the sample 
is allowed to sit undisturbed in the Couette for the target ageing time. At the end of this 
ageing time the sample is once again subjected to the same strain, at the same strain rate. 
Its shear behavior is qualitatively similar to that of the virgin sample. For instance, in 
Figure 8, the 30 min plot coincides almost exactly along the 0 min plot up to a strain of 
about 4, reaching a maximum stress value of about 900 Pa. On further application of 
strain, the sample now fractures at this point and the stress curve follows a similar pattern 
of sudden drop and plateau as in the case of the virgin sample. 
 
It can thus be reasonably concluded that some fraction of the broken bonds had re-formed 
during the ageing time. This can also explain why a longer ageing time results in a higher 
maximum stress value and a shorter ageing time results in a lower maximum stress value. 
The plots of 5 min and 60 min in Figure 8 can thus be explained relative to the 30 min 
plot. 
 
It should be noted that the actual sequence of ageing times for which the data was 
obtained is immaterial. This is because each ageing time experiment had been performed 
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after heating the sample above its relaxation temperature and then cooling it down to the 
target temperature. Moreover, there were several other ageing times at which shear 
responses were obtained, which are all included in the quantitative analysis involving the 





























Figure 8: Shear response with ageing time 



























Figure 9: Shear response with ageing time 
– 4 vol% at 23°C, shear rate = 1/s 






















Figure 10: Shear response with ageing time 




























Figure 11: Shear response with ageing time 



























Figure 12: Shear response with ageing time 

























Figure 13: Shear response with ageing time 
– 4.5 vol% at 23°C, shear rate = 1/s 
 


























Figure 14: Shear response with ageing time 


























Figure 15: Shear response with ageing time 




























Figure 16: Shear response with ageing time 



























Figure 17: Shear response with ageing time 
– 5 vol% at 23°C, shear rate = 1/s 
 























Figure 18: Shear response with ageing time 

























Figure 19: Shear response with ageing time 





These experiments indicate that the gels gain shear strength faster at higher temperature 
(temperature of testing, at which they were allowed to equilibrate before applying 
external strain). This is as expected, since higher temperature is associated with higher 
energy per polymer molecule. As a result, the tendency of pulled out chains to reform the 
network increases rapidly. Moreover, at higher temperature, the strain to reach bulk 
fracture is also greater than the fracture strain at lower temperature. This shows the 
increased elasticity of the gel at higher temperature. 
 
To determine if the applied strain rate causes any significant change in the network 
structure after fracture and consequently affects healing behavior, another series of 
experiments was carried out at a slower strain rate of 0.2/s. Figure 20 through Figure 31 
show the rheological curves for this slower strain rate healing behavior. Qualitatively, 
these samples show almost identical fracture and healing behavior as the samples sheared 
at a faster strain rate. As observed previously, the stress response of the aged samples 

























Figure 20: Shear response with ageing time 





























Figure 21: Shear response with ageing time 
– 4 vol% at 23°C; γ̇ = 0.2/s 
 






















Figure 22: Shear response with ageing time 


























Figure 23: Shear response with ageing time 




In case of the low strain rate response, a peculiar case to note is that of 4 vol% gel at 
28°C, as can be observed in Figure 27. In this case, unlike all other cases, there is no 
prominent peak and fall in the shear stress with increasing applied strain. The low stress 
values also point to the possibility of the system behaving as a highly viscous liquid, 
rather than a well formed solid gel. One possible explanation could be the formation of 
fairly isolated micelles with majority of the end-chains coiled back to the center of the 
micelles and a very few interconnecting chains. This would explain the initial rise in 
shear stress similar to a solid gel, but the later constant shear stress near the maximum 
value, similar to a viscous liquid. This behavior is also noticed to a lesser extent in the 
high strain rate case, as observed in Figure 11. 
 
Such behavior is not observed in the higher concentration systems of 4.5 vol% and 5 vol% 
because in those systems a higher polymer chain density exists. This higher chain density 

































Figure 24: Shear response with ageing time 



























Figure 25: Shear response with ageing time 
– 4.5 vol% at 23°C; γ̇ = 0.2/s 
 






















Figure 26: Shear response with ageing time 



























Figure 27: Shear response with ageing time 



























Figure 28: Shear response with ageing time 

























Figure 29: Shear response with ageing time 
– 5 vol% at 23°C; γ̇ = 0.2/s 
 





















Figure 30: Shear response with ageing time 


























Figure 31: Shear response with ageing time 






4.3 Fracture Stress Ratio (FSR) 
In order to determine the extent to which network healing has taken place in a fractured 
sample, a ratio called fracture stress ratio (FSR) is introduced. The FSR at a given aging 
time is defined as the ratio of the peak shear stress of a sample, to the virgin state shear 
stress of the same sample, at that particular temperature and applied strain rate. In effect, 
for a given sample, healing time is the minimum time at which the FSR is equal to 1. 
Ideally, for a sample, the FSR would continue to be 1 for all aging times greater than the 
healing time. However, there appears to be some deviation in this and the FSR was 
observed to increase above 1 in certain cases, as discussed later. While the magnitude of 
the stress peak is used to quantify the degree of healing, it should be noted that the stress 
response of the partially and fully healed samples closely retraces the response of the 
virgin sample in the region prior to the peak stress. In this process, the bulk of the sample 
almost behaves as separate blocks of materials sliding over each other, while still being 
deformed through their own cross-section. The stress plateau mainly corresponds to the 




4.3.1 Temperature Dependence of FSR 
Figure 32 and Figure 33 show the strong dependence of fracture stress ratio on 
temperature for a 5 vol% system at the two strain rates investigated. Very similar trends 
in terms of temperature dependence were also observed for 4 vol% and 4.5 vol% systems. 























Figure 32: Temperature dependence of FSR, 5 vol% sample; γ̇ = 1/s 























For a given ageing time, a relatively small increase in temperature increases the FSR by a 
considerable extent. This increase in FSR is even more appreciable at a longer ageing 
time. For example, in Figure 32, at an ageing time of 60 minutes, the increase in FSR due 
to an increase in temperature from 20°C to 23°C is roughly 75% whereas the increase in 
FSR at an ageing time of 15 minutes is only about 33% for the same increase in 
temperature. However, at higher temperatures, this trend may not be true, since the FSR 
quickly approaches the theoretical maximum value of one. Therefore, while the FSR for a 
lower temperature increases with ageing time, the FSR for the higher temperature cannot 
increase beyond one. 
 
4.3.2 Variation of FSR with Concentration 
Figure 34 through Figure 41 show the variation of FSR with concentration, at a given 
temperature. The common observation across all temperatures and both strain rates is that 
systems of lower concentration have a higher FSR after a fixed ageing time. For example, 
in Figure 35, at any particular ageing time, the FSR of a 4 vol% sample is the highest, 
followed by 4.5 vol% and finally 5 vol% whose FSR is the least. 
 
One possible explanation for this observed behavior could be the fact that for a lower 
concentration system, there are more available sites for the pulled out end-chains to re-
attach to easily, as compared to a system of higher concentration. In other words, in case 
of a lower concentration system, there is a lesser crowded network already in place. This 
is because there are fewer chains whose end blocks would aggregate at any of the 
junctions. In turn, during the rearrangement and re-formation of the network, the pulled 
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out end-chains can attach more easily to nearby end-block clusters. In addition to this, 
due to the overall lesser density of polymer chains in the solvent (in case of a lesser 
concentration system), chain mobility is less likely to be hindered. This is analogous to 
the concept of steric hindrance affecting chemical reaction rates, where greater number of 









































Figure 35: FSR at 23°C; γ̇ = 1/s 
 













































































Figure 39: FSR at 23°C; γ̇ = 0.2/s 
 








































In all the cases, the rate of recovery of shear strength is high in the early stages and then 
approaches a constant value (FSR = 1). In some cases, the FSR is greater than 1. This 
would imply an increase in shear strength over the virgin shear strength of the gel. One 
possible explanation for this could be that the polymer chains align favorably in the 
direction of shear, after the first fracture. In contrast to this alignment, after the initial 
cooling and formation of the gel, most of the chains would be aligned relatively more 
randomly. In addition to this, formation of isolated loops within the fracture zone may be 
less likely because those loops might get attached to by an adjacent free floating end of a 
pulled out molecular chain. This theory is also supported in a previous study on shear-
induced fracture of telechelic polypeptides
1
. Due to this alignment, once the network has 
reformed completely, it could possibly sustain a higher shear stress before undergoing a 
subsequent bulk fracture.  
 
In order to investigate this hypothesis of prestraining, a series of experiments using 4 
vol% at 28°C and γ̇ = 1/s was devised. This particular concentration and temperature was 
chosen because it showed an FSR greater than 1 for even the shortest of ageing times 
tested. The main idea was to run a shear start-up experiment up to a strain just short of 
the fracture strain and hold the sample at that strain. After holding it at this condition for 
a short time, a full shear start-up experiment was carried out, where the sample was 
strained beyond the fracture point. Five such repetitions were carried out for statistical 
reasons. In addition to this, five repetitions of shear start-up experiments were also 




The following procedures were established for prestraining and non-prestraining series of 
experiments. One sample was used for the entire prestrained series and a different sample 
was used for the entire non-prestrained series.  
 
Prestrained experiment procedure: 
1. Heat sample above Trlx (heat to 50°C in 15 min) 
2. Allow sample to equilibrate at 28°C (in 30 min) 
3. Perform shear start-up at γ̇ = 1/s, up to γ = 7 (prestraining) 
4. Hold sample for 2 minutes 
5. Perform shear start-up at γ̇ = 1/s, up to γ = 40 (i.e. past fracture point) 
Non-prestrained experiment procedure: 
1. Heat sample above Trlx (heat to 50°C in 15 min) 
2. Allow sample to equilibrate at 28°C (in 30 min) 
3. Perform shear start-up at γ̇ = 1/s, up to γ = 40 (i.e. past fracture point) 
The results of these two series of experiments, in terms of the maximum stress (i.e 






Table 2: Fracture stress values with and without prestrain 
Experiment number 
(order within series) 
Fracture stress (Pa) 
with prestrain 
Fracture stress (Pa) 
without prestrain 
1 194 169 
2 186 165 
3 178 158 
4 170 150 
5 162 141 
Average 178 157 
 
A few direct and indirect conclusions can be drawn from the results obtained through 
these experiments. Firstly, as the order of shear start-up experiment in a particular series 
increases, the fracture stress decreases. This is true in both, the prestrained and non-
prestrained cases. Secondly, solely based on these experiments, one may conclude that 
prestraining actually does affect the network and hence in all five cases, the pre-strained 
fracture stress is greater than the non-prestrained fracture stress. The average fracture 
stress with pre-strain is greater than the average fracture stress without prestrain, by 
almost 13%. 
 
However, there is one interesting (and rather indirect) conclusion that these experiments 
suggest. The fracture stress for a virgin sample (identical parameters of concentration, 
temperature and strain rate) as observed in Figure 11 is approximately 300 Pa, while 
these experiments show stresses of approximately 190 Pa and 170 Pa during the first 
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experiments. This inconsistency suggests that such a low concentration system at a 
temperature close to its relaxation temperature might not even be forming a very good 3D 
network. Further, Figure 23, which shows the same system at the same temperature but at 
a lower strain rate, indicates a deviation from the normally observed fracture behavior. 
 
Based on these irregularities, there is a possibility that such a critical gel system (where 
the system barely forms a gel but might be on the border of a gel and highly viscous 
liquid) might be highly sensitive to the individual sample being tested. Hence, a single 
sample was then tested in a series of alternate prestrained and non-prestrained conditions. 
The maximum stresses are reported in Table 3.  
 
Table 3: Fracture stress values with and without prestrain – unchanged sample 
Experiment number 
(order within series) 
Fracture stress (Pa) 
with prestrain 
Fracture stress (Pa) 
without prestrain 
1 222 226 
2 203 212 
3 185 191 
4 170 174 




These results indicate that the prestraining did not alter the behavior of the sample at all. 
Due to these contradictory findings, the reason behind the fracture stress ratio being 
greater than 1 in the earlier experiments is still unclear.  
 
Perhaps the hypothesis of network rearrangement due to prestraining might be true but 
the experiments to test this hypothesis need to be revised.  
 
4.4 Fracture Energy Ratio (FER) 
While the fracture stress ratio provides a quantitative measure of the regained strength of 
a healed sample, it does not take into account the applied strain to reach this maximum 
stress value. The applied strain and the resulting stress together constitute the external 
energy required to fracture the sample. Based on this, another quantitative parameter 
called fracture energy ratio (FER) is defined in this study. The FER at a given ageing 
time is defined as the ratio of energy corresponding to the stress required to fracture an 
aged sample, to the energy corresponding to fracture a virgin sample at the same 
temperature and strain rate. 
 
Mathematically, fracture energy is equal to the area under the shear response curve, from 
a strain of zero up to the strain corresponding to the maximum stress peak (which is the 
fracture point of the sample). Figure 42 and Figure 43 illustrate this area corresponding to 
the fracture energy of a virgin sample and an aged sample of 5 vol% gel at 20°C and an 
applied strain rate of γ̇ = 1/s. The FER would thus be equal to the ratio of the shaded area 
under the aged sample’s plot to the shaded area under the virgin sample’s plot. This area 
47 
 
was calculated using numerical approximation (Trapezoidal Rule for integration) based 
on the actual experimental data points. These data points were believed to be sampled 
closely enough for a good approximation using this technique. 



















 30 min aged
 
Figure 42: Fracture energy of virgin sample, 5 vol% at 20°C; γ̇ = 1/s 



















 30 min aged
 




4.4.1 Temperature Dependence of FER 
Similar to FSR and as expected, the FER is also strongly dependent on temperature. 
Figure 44 and Figure 45 are plots showing the temperature variation of FER for a 5 vol% 
sample at an applied strain rate of 1/s and 0.2/s respectively.  
 
However, unlike FSR, the variation of FER at different ageing times is not very 
consistent and shows some irregularities. There is no proposed explanation for this 
behavior at this point. 



















Figure 44: Temperature dependence of FER, 5 vol% sample; γ̇ = 1/s 
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Figure 45: Temperature dependence of FER, 5 vol% sample; γ̇ = 0.2/s 
 
4.4.2 Variation of FER with Concentration 
As can be observed in Figure 46 through Figure 53, at a given temperature, the FER of a 
lower concentration gel is generally higher than that of a higher concentration gel across 
different ageing times. This can be explained based on the same theory used for a similar 
trend observed in FSR - that lower concentration systems have a more favorable 
condition for the dangling end blocks to re-attach to nearby micelle sites after being 










































Figure 47: FER at 23°C; γ̇ = 1/s 
 












































































Figure 51: FER at 23°C; γ̇ = 0.2/s 
 








































In order to get a perspective on the healing time scale, the characteristic relaxation times 
for these systems at different temperatures is listed in Table 4. The values for 20°C, 25°C 
and 28°C are as reported in literature
22
 and those for 23°C are calculated using the same 
experimental and analytical procedure employed. 
 
Table 4: Characteristic relaxation times 
 20°C 23°C 25°C 28°C 
4 vol% 45 9 3.5  
4.5 vol% 100 28 8  
5 vol% 120 50 10 2.4 
 
As can be observed through all these experiments, the healing time scale is much longer 
than the characteristic relaxation time scale of the same system. Relaxation time is a 
parameter that indicates how quickly a gel system rearranges its network in response to 
the applied stress. This parameter originates from a stretched exponential function which 
has been suggested to model the relaxation behavior in complex materials
23
. This 
function has been used in the past to effectively describe systems such as water soluble 
telechelic polymers
24
 and symmetric triblock copolymer system
25
. Telechelic polymers 
are the ones that can interact with other polymer chains due to reactive end groups. 
Essentially, a small relaxation time suggests that the polymer network can quickly 
rearrange using these end blocks to redefine the network structure to relieve the applied 
stress and reach an equilibrium state. It is believed that stress relaxation, as observed in 
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An important factor to keep in mind while comparing relaxation time and healing time is 
the magnitude of strain in both cases. Characteristic relaxation time is calculated based on 
a small strain, typically less than 10%. On the other hand, for determining healing time 
the sample is fractured, which occurs at strains of the order of few hundred percent. It is 
therefore very likely that in case of relaxation, there are relatively much fewer end block 
exchanges involved. Moreover, the rate of this mechanism is fast enough (relaxation time 
is strongly temperature dependent
19
) to prevent a breakdown of the macro scale network. 
However, when the gel is strained to the point of fracture and beyond, there are a large 
number of sites where a large number of polymer chains are pulled out of the end block 
aggregates. This causes the network to break down at a macro scale and it can no longer 
sustain the applied stress. A large number of end blocks now have to attach across the 
fracture plane(s) for the material to be ‘healed’ and capable of sustaining an equal stress 
as before. This might explain why the healing time scale is much larger than the 
relaxation time scale. 
 
4.5 Mathematical Modeling 
For defining the relationship between the relaxation time and healing time of a gel of 
known concentration and at a known temperature, a mathematical model is proposed in 
this study. Upon observing the FSR and FER trends, since the FSR trends are a little 
more consistent, the FSR is used as the basis for mathematical modelling. Further, only a 
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subset of all the investigated conditions is chosen to develop the model - 5 vol% gel at an 
applied strain rate of 1/s, across the four temperatures investigated (20°C, 23°C, 25°C 
and 28°C).  
 
Based on the experimental curves of FSR vs ageing time, healing time was extrapolated 
(using suitable curve-fit equations) for those cases where the healing time was greater 
than 60 minutes. For the cases where healing time was less than 60 minutes, the healing 












4 vol% 20 296 
 23 60 
 25 25 
 28 2 
4.5 vol% 20 283 
 23 114 
 25 45 
 28 8 
5 vol% 20 672.5 
 23 145.6 
 25 71.2 
 
Using these healing times and relaxation times from Table 4, a logarithmic function can 




In these equations, the slope of the plot corresponds to the activation energy of the system. 
From these logarithmic plots and similar plots for the remaining concentrations of 4 vol% 
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and 4.5 vol%, the activation energy for all the three concentrations was calculated, as 
reported in Table 6. Comparing the data for 5 vol% system, it can be concluded that the 
same activation energy can be calculated by using relaxation time and healing time. Due 
to this parallel shift relation between relaxation and healing time, it would be possible to 
calculate healing time for systems that have a very long relaxation time at low 
temperatures. Conversely, it would be easily possible to calculate the required 
temperature for a given healing time.  





























Table 6: Calculated energy of activation 
Concentration 
slope of ln(1/Th) 
vs 1/T E = (-slope) x R E 
    J/mol kJ/mol 
4 vol% -54056 449422 449.42 
4.5 vol% -39355 327197 327.20 
5 vol% -39430 327821 327.82 
        
Concentration 
slope of ln(1/τ) 
vs 1/T E = (-slope) x R E 
     J/mol kJ/mol  
5 vol% -44725 371844 371.84 
 
Similar analysis has been done previously to determine the apparent activation energy for 
removing an endblock from an aggregate in the current gel system
6
. In that analysis, the 
relaxation times at different temperatures and for different concentrations were 
superpositioned on a master curve, according to which, the activation energy in all cases 
was found to be similar. Relaxation time has also been used to determine apparent 
activation energies in other systems like PMMA-PtBA-PMMA gels in 1-butanol
26
, gel 
systems with styrene endblocks
25,27




If the same mechanisms of small strain are assumed to work at larger strains until a bulk 
fracture is reached, one would expect the temperature dependence of relaxation time and 
healing time to be of the same degree. In other words, the degree to which a temperature 
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change affects the relaxation time would be similar to the degree to which a temperature 
change affects the healing time. The slope of the two Arrhenius plots indicates this time-
temperature dependence. For the same concentration, this dependence is almost identical, 
while for other concentrations, this dependence is in the same range but shows some 
deviation in the trend. More specifically, the activation energy in case of healing time 
does not follow a linear or inverse trend with the concentration. More data needs to be 
collected and further analysis is necessary to confirm or contradict these findings. 
 
4.6 Particle Image Velocimetry 
Particle image velocimetry (PIV) is a technique that allows real-time observation of the 
flow of liquid or liquid-like materials. In order to observe the flow of the test material, 
suitable tracer particles are mixed in the test sample, as explained in the previous chapter. 
In this study, a custom-built PIV setup was employed to visualize the flow of the sample. 
In order to demonstrate the working of the rheo-PIV system and also to visually confirm 
the healing process of the model gel, a sample of 5 vol% was tested at a temperature of 
28°C. The ageing time in between two successive shear start-up experiments was chosen 
to be 30 minutes, which is greater than the corresponding healing time (18 minutes) 
reported in Table 5. 
 
As a confirmation of healing behavior, velocity profiles of the test sample would be 
plotted, both in case of the virgin sample and the healed sample. As the sample is sheared 
in the rheometer, different regions of the sample move at different velocities. This 
velocity would be greatest at the wall of the inner rotating bob and ideally zero at the wall 
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of the outer stationary cylinder. The variation of the velocity in between this gap is 
essentially the velocity profile. The velocity profile is normalized from 0 to 1 by both, the 
highest velocity and also the gap distance. The normalizing velocity is the calculated 
linear velocity of the rotating bob surface while the normalizing distance is equal to the 
gap width, i.e. 1.5 mm in this case. In order to calculate the linear velocity of the rotating 
bob, the angular velocity corresponding to the applied strain rate was calculated from the 
angular displacement data and averaged appropriately. This angular velocity multiplied 
by the radius of the bob would be the required linear velocity. 
 
Figure 55 shows the stress response of the test sample. As in the earlier experiment for 
the same case, the healed sample shows higher shear strength. 
60 
 























Figure 55: Stress response of 5 vol% sample at 28°C; virgin and healed states 
 
The imaging rate of the PIV system was 5 frames per second. To compare the velocity 
profiles of the virgin and healed sample, specific points in the strain progression are 
chosen (dashed vertical lines in Figure 55). The progression of velocity profiles for a 




The goal of this set of confirmation experiments is to see whether the velocity profile 
obtained in the initial stages of the healed samples is similar to the velocity profile of the 
virgin sample before the fracture event.  
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Figure 56: Velocity profiles at strain = 2 


















Figure 57: Velocity profiles at strain = 4 
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Figure 58: Velocity profiles at strain = 6.4 
 
Figure 56 and Figure 57 show the velocity profiles at the instant when the applied strain 
is 2 and 4 respectively. As can be observed, the velocity profiles are almost exactly 
identical in both the cases. This supports the fact that in the fractured sample, the broken 
physical bonds are indeed reformed. Further, as observed in Figure 58, after the fracture 
event, the velocity profile of the virgin sample shows a discontinuous curve. The sample 
shows constant velocity blocks close to the walls, indicating that the 3D network is 
broken in between (dashed lines indicate this discontinuity). However, after letting the 
sample heal and subjecting it to a shear stress again, the velocity profile is identical 
throughout the initial state (as evident at strain = 2 and strain = 4). After the healed 
sample undergoes the fracture event, it also shows a block-velocity profile, very similar 
to its virgin state post-fracture profile. 
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS 
5.1 Conclusions 
In this study, the ability of a thermoreversible polymer gel to re-form its network below 
its relaxation temperature was characterized. This process, termed as ‘healing of the gel’ 
was quantified using two approaches – value of applied stress required to fracture the 
bulk and value of applied strain-energy required for the same. It has been shown here that 
even below the relaxation temperature, re-formation of the physical polymer crosslinks is 
a continuous process. This process depends to a large extent on the temperature and to a 
lesser but appreciable extent on the ageing time.  
 
Thus, given enough ageing time, the gel can essentially heal back to its original structure 
or close to its original structure at temperatures below its relaxation temperature. The 
fracture stress ratio (FSR) and fracture energy ratio (FER ) can be used as a quantitative 
measure of how close to the original structure the aged (partially / fully healed) sample is. 
 
An apparent increase in shear strength is observed for systems tested at certain 
parameters, as indicated by an FSR greater than 1. If these results can be proved to be 
consistent, they could lead to an improved understanding of chain movement and 
network formation in such polymer gels. 
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Particle image velocimetry (PIV) was employed as an effective tool to confirm the 
healing process. Analysis of the images obtained showed an almost exact retrace of the 
semi-brittle fracture behavior of a healed sample, when compared to similar response of a 
virgin sample.  
 
A custom PIV setup was assembled as part of this project, which would also greatly 
benefit future research in the lab on similar projects requiring visual data to better 
understand shear behavior of soft materials. 
 
5.2 Future Directions 
In future, similar analysis could be conducted for different model systems and compared 
to the data obtained in this study. This would help in better understanding of the healing 
behavior of thermoreversible gels and more importantly, in designing systems for 
required applications.  
 
The mathematical model proposed in this study can be analyzed more rigorously and if 
found unsuitable, a different approach could be adopted. For example, a direct 
relationship involving healing time and characteristic relaxation time along with other 
parameters could be theorized and validated. 
 
Despite attempting to provide an explanation for apparent increase in shear strength, the 
prestraining hypothesis still remains to be proven correct or incorrect. This is an 
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interesting result, which, if validated, could be exploited to control the microstructure of a 
similar system in future. 
 
In order to get a clear idea of the variability of individual samples, which has been 
observed in a critically gelling sample (by concentration) at a temperature close to its 
relaxation temperature, it would also be helpful to collect more datasets of the same 
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User Guide for Rheo-PIV System 
Component Assembly 
Using appropriate hardware (translation stages, base plates, angle plates, optical posts etc.) 
the camera, laser and lenses are mounted in place around the rheometer as shown in 
Figure A1: Camera mounting position under rheometerFigure A1through Figure A4. 
Note the approximate distances of the camera and laser with respect to the rheometer – 
these are important in order to optically align the whole setup. Also ensure proper 
orientation of the lenses (direction of curvature). 
 
 




Figure A2: Position of lens tube assembly – distance to base of Couette cell 
 
 




Figure A4: Orientation and location of lenses 
 
Hardware Interconnections 
1. The rheometer triggers the function generator through one of its analogue output 
pins (located on the left side as seen from front). The output from pin A1 (or any 
other analogue output pin) is connected to the function generator’s trigger input 
(behind the function generator) using a BNC cable and adapter (on the rheometer 
side of the connection). 
2. The function generator’s output is connected to the camera’s trigger input. Using 
a ‘T-connector’, the same signal is also sent to the oscilloscope to monitor the 
function generator. 
3. During initial setup, the output of the rheometer can be monitored on the 
oscilloscope too, to ensure that the signal goes ‘high’ at the start of the interval 
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(i.e. as soon as shear strain is applied). To do this, simply connect the output from 
the analogue pin to the oscilloscope, instead of the function generator. Once 
satisfied that the rheometer is sending the correct trigger signal, reconnect the 
output to the function generator. 
4. Connect the fiber-optic cable (F/O link) from the camera to the computer. Ensure 
proper direction of connector, using the raised markings on it (the connector is 
designed such that it will fit its slot in only the correct manner, without much 
force). 








































Connect the power cable to the controller box of the laser and then connect the control 
cable from the controller box to the laser. 
 
The laser controller has two safety switches – one is the key operated switch and the 
other is a green interlock. To switch on the laser, the interlock has to be inserted in the 
slot and the key has to be turned to the vertical ‘on’ position. There is also a safety shutter 
in front of the laser beam which can be set to the ‘open’ or ‘close’ position using a small 
lever as indicated on the laser.  
 
Note: While the laser is on, only turning the shutter to the close position will NOT switch 
off the laser. The laser should be switched off using the key switch. The shutter should be 
used as a physical safety barrier only after the laser has been switched off.  
 
Laser and Lens Alignment 
Following steps can be used as a guide to align the optics for optimum performance. 
1. Without any of the lenses, switch on the laser and ensure that the laser beam is in 
line with and hits the approximate center of the rotating shaft of the rheometer. 
2. Now place only the smaller, plano-concave lens in the path of the laser, such that 
when viewed from the top, the beam of laser appears to pass through the center of 
the lens (Figure A6). 
74 
 
3. Now insert the larger, plano-convex lens in the beam path, while keeping the 
concave lens in place, such that when viewed from the side, the laser appears to 
pass through the center of the lens (Figure A7). 
4. The plane of the flat face of the convex lens should be perpendicular to the laser 
beam. An easy way to do this is, with the laser switched on, observe the 
horizontal line of laser on the PIV cell (this is the projection of the laser sheet). 
Now, while keeping the post screw of the convex lens slightly loose, rotate the 
lens to an angle that is obviously away from perpendicular. Rotate the lens slowly 
toward the vertical and keep observing the horizontal laser line on the PIV cell. 
As the lens is rotated toward the vertical, this laser line will shift in one direction 
and as soon as the vertical is crossed, the line will reverse its direction of shift. 
Once the vertical has been crossed, rotate the lens back toward the vertical while 
looking out for the shift in direction of the laser line. This way, one can get fairly 
close to the perpendicular position of the lens, which is the point at which the 

































This lens should be 
positioned such that the 
laser passes through 
center as viewed from top 
Position of this lens as seen 
from top is not critical, as long 
as the laser passes through the 
body of the lens (same cross-
section throughout) 
Position of this lens as 
seen from side is not 
critical, as long as the 
laser passes through the 
body of the lens (same 
cross-section throughout) 
This lens should be 
positioned such that the 
laser passes through 
center as viewed from the 
side 
Figure A6: TOP view of lens assembly 




The optical axis of the camera is treated as being along the Z axis (in this setup, vertical 
alignment corresponds to Z axis motion) and the other two are therefore X & Y axes. 
Using the X & Y translation screws, align the camera with respect to the Couette cell so 
as to obtain as image as shown in Figure A8. The brighter right side is part of the optical 
window at the bottom of the Couette cell. This window should form a symmetrical arc in 
the image seen through the camera at low magnification of the tube lens (0.75X or 1X). 
 
 




After loading the sample, use the vertical translational stage of the laser and lens 
assembly, along with the Z axis of the camera, to get a sharp image of the tracer particles 
in the gap (Figure A9 and Figure A10). 
 
 





Figure A10: Sharp image of tracer particles (in one plane) 
 
Use the camera settings in Figure A9 and Figure A10 as a starting point. Increase or 




After obtaining the required sequence of images, use the image processing guide written 
for the MATLAB based PTVlab program to analyze the images. 
